In the precedent paper of the authors (hep-ph/0510410), the bb states were treated in the framework of the spectral integral equation, together with simultaneous calculations of radiative decays of the considered bottomonia. In the present paper, such a study is carried out for the charmonium (cc) states. We reconstruct the interaction in the ccsector on the basis of data for the charmonium levels with J P C = 0 −+ , 1 −− , 0 ++ , 1 ++ , 2 ++ , 1 +− and radiative transitions ψ(2S) → γχ c0 (1P ), γχ c1 (1P ), γχ c2 (1P ), γη c (1S) and χ c0 (1P ), χ c1 (1P ), χ c2 (1P ) → γJ/ψ. The cc levels and their wave functions are calculated for the radial excitations with n ≤ 6. Also, we determine the cc component of the photon wave function using the e + e − annihilation data: e + e − → J/ψ(3097), ψ(3686), ψ(3770), ψ(4040), ψ(4160), ψ(4415) and perform the calculations of the partial widths of the twophoton decays for the n = 1 states: η c0 (1S), χ c0 (1P ), χ c2 (1P ) → γγ, and n = 2 states: η c0 (2S) → γγ, χ c0 (2P ), χ c2 (2P ) → γγ. We discuss the status of the recently observed cc states X(3872) and Y (3941): according to our results, the X(3872) can be either χ c1 (2P ) or η c2 (1D), while Y (3941) is χ c2 (2P ).
Introduction
In this paper, we continue the study initiated in [1] for the bb states in the framework of the spectral integral equation. Here the results for the cc-states are presented.
In [2] , the program has been formulated for the reconstruction of the quark-antiquark interaction based on our knowledge of meson levels and their radiative decays. Within this program, as a first step we have considered the bottomonia [1] . Now we present analogous results for the charmonia. In the subsequent publication, we suggest to give corresponding results for the light quark-antiquark systems.
Our study is carried out in terms of the spectral integral technique. The application of this technique to the composite quark-antiquark systems and its relation to the dispersion N/D-method have been discussed in [1, 2] -one may find there necessary details.
Still, let us point once again to particular properties of our approach. The quark-antiquark interaction given, the spectral integral equations provides us unambiguously with both levels and wave functions of composite systems. But if the interaction is unknown, to reconstruct it one needs to know the levels as well as their wave functions. Our knowledge of the interaction of constituent quarks (in particular, long-range interaction) is rather fragmentary, so actually the description of the composite quark-antiquark systems means the reconstruction of quark interaction. To this aim, one needs the information on the wave function of a level, and the radiative decays are precisely the source of information for the wave functions. Because of that, in our investigation of the quark-antiquark states we rely equally upon our knowledge of levels and radiative decays.
The method of calculation of the radiative transition amplitudes in terms of the double dispersion integrals was developed in a number of papers [3, 4, 5] , where the important point was the representation of the transition amplitude in the form convenient for simultaneous fitting to the spectral integral equation -it was done in [6, 7] .
An important information on the cc-meson wave function is hidden in the two-photon meson decays: cc−meson → γγ. For the calculation of such a type processes, the quark wave function of the photon is needed; correspondingly, the method of reconstruction of the γ → cc vertices was developed in [8] . The results of calculations of the cc-mesons are presented in Section 2. The known levels with J P C = 0 −+ , 1 −− , 0 ++ , 1 ++ , 2 ++ , 1 +− have been included in the fitting procedure, together with the widths of radiative transitions as follows: ψ(2S) → γχ c0 (1P ), γχ c1 (1P ), γχ c2 (1P ), γη c (1S) and χ c0 (1P ), χ c1 (1P ), χ c2 (1P ) → γJ/ψ. The masses of the states have been calculated for the radial quantum numbers n ≤ 6 and radiative transition amplitudes for the states with n ≤ 2. Let us emphasize that we face rather significant relativistic effects in the case of excited states.
The recently observed states X(3872) and Y (3941) [9, 10, 11, 12] are lively discussed at present time [13, 14, 15, 16, 17, 18, 19, 20, 21, 22] . Our calculations argue that X(3872) is either the excited 1 ++ -state χ c1 (2P ), or basic 2 −+ -state η c2 (1D). The charmonium Y (3941) state can be the radial excited 2 ++ state, χ c2 (2P ).
We determine the cc component of the photon wave function using the transitions e + e − → J/ψ(3097), ψ(3686), ψ(3770), ψ(4040), ψ(4160), ψ(4415) that allow us to calculate partial widths of the two-photon decays. We present the results for the 1S, 1P states: η c0 (2979), χ c0 (3415), χ c2 (3556) → γγ, and 2S, 2P states: η c0 (3594), χ c0 (3849), χ c2 (3950) → γγ. The predictions are also given for the two-photon decays η c0 , χ c0 , χ c2 → γγ of the states below 4 GeV.
In Conclusion, we briefly summarize the results.
Charmonium states
We calculate the cc levels and their wave functions using two types of the t-channel exchanges: scalar and vector states, (I ⊗ I) and (γ µ ⊗ γ µ ). The calculations of the cc-systems have been carried out similarly to the consideration of bottomonia [1] , with both retardation interaction (Solution R(cc)) and three variants of instantaneous interactions (Solutions I(cc), II(cc) and U(cc)). In the case of instantaneous interactions, the t-channel exchanges may be represented by using the potentials. In the fitting to the cc spectra, we have applied scalar and vector potentials of the type:
The presentation of these interactions in the momentum space, also with retardation effects, is given in [1] .
The interaction parameters obtained in the fit are as follows (in GeV units): 
As concerns the solution U(cc), we have included into calculations the scalar and vector confinement forces, with b S = −b V = 0.150 GeV 2 . The vector confinement potential is needed for the description of the light quark states (qq) with large masses. In this way, solution U(cc) gives us the description of data with a universal confinement potential for all flavours.
The α s coupling, being determined by the one-gluon exchange forces, is of the same order in all solutions:
The mass of the constituent c-quark is taken to be m c = 1.25 GeV. This mass value is consistent with the magnitude provided by the heavy-quark effective theory [23, 24] : 1.0 ≤ m c ≤ 1.4 GeV; a slightly larger interval for m c is given by lattice calculations, 0.93 ≤ m c ≤ 1.59 GeV, see [24] and references therein. The compilation [25] gives us 1.15 ≤ m c ≤ 1.35 GeV.
Masses of cc states
The fitting procedure results in the following masses (in GeV units) for 1 −− states: 
Bold numbers stand for the masses included in the fit as an input. The states 1 −− are the mixture of S and D waves (in parantheses the dominant wave is shown, see indices (nS) and (nD)). In Appendix, we present the wave functions for the 1 −− states and the values W 00 , W 02 , W 22 , which characterize a percentage of the L = 0 and L = 2 components (see [1] for the details). The last column gives us the mean square radii for the states in solution I(cc): R
For the other considered states, the fit resulted in the following masses and R 
and for 2 ++ states (L = 1, 3): 
for 2 −+ states (L = 2): In Fig. 1 , the levels for solution I(cc) are shown for the mass region M < 4.5 GeV. The wave functions for this solution are given in Appendix.
The obtained variants of solutions allow us to consider the status of X(3872) and Y (3941).
The solution II(cc) provides for χ c1 (2P ) the mass 3904 MeV that is close to the value found in [9, 10, 11, 12] for the pick denoted as X(3872). In agreement with II(cc)-solution, the analysis [26] favours the quantum numbers J P C = 1 ++ for this state.
Still, one cannot exclude that X(3872) is the 2 −+ -state (see [27] and references therein). In all solutions, the mass of η c2 (1D) is lying in the interval 3815 − 3830 MeV that demonstrates the plausibility of this variant as well.
The signal Y (3941) does not contradict the hypothesis about its 2 ++ nature, because the mass of the χ 2c (2P ) is close to Y (3941) in all solutions.
Radiative transitions
In Fig. 1 , we show radiative decays which have been accounted for in the fitting procedure (corresonding formulae are presented in [1, 28] ). For the levels below DD threshold, experimental data [25, 29, 30, 31] and the magnitudes of widths obtained in different versions of the fit are as follows (in keV): (10) Note that the 20% accuracy is allowed for the transitions ψ(2S) → γχ cJ (1P ) and 30% one for χ cJ (1P ) → γψ(1S) (we use a bit larger errors than those obtained in [31] ). We also predict the widths of the decays η c0 → γJ/ψ and ψ(2S) → γη c0 (2S).
The calculated values in (10) agree rather reasonably with the data.
The predictions of widths of the levels above the DD threshold (see Fig. 1 ) are as follows (widths are in keV): 2.3 The cc component of the photon wave function and two-photon radiative decays
In the fitting procedure, we approximate the vertex of the transition γ → cc by the following formula:
where G V (nS) (s) is the vertex for the transition ψ(nS) → cc and G V (nD) (s) is the vertex for the transition ψ(nD) → cc, see [1] for the details. The parameters C nS , C nD , β γ , s 0 for solutions I(cc), II(cc), U(cc) and R(cc) have been found as follows (in GeV):
The corresponding vertices G γ→cc (s) are shown in Fig. 2 .
Experimental values of partial widths [25, 32, 33, 34, 35] together with the widths obtained With the determined vertices for G γ→cc (s), we can obtain the widths of the two-photon decays (see [1] for more detail). The comparison of experimentally measured widths with those obtain in our calculations is given below: (15) Let us emphasize that the data do not tell us definitely about the width χ c2 (3556) → γγ. In the reaction pp → γγ, the value Γ(χ 2 (3556) → γγ) = 0.32 ± 0.080 ± 0.055 keV was obtained in [35] , while in direct measurements such as e + e − annihilation the width is much larger: 1.02 ± 0.40 ± 0.17 keV [32] , 1.76 ± 0.47 ± 0.40 keV [33] , 1.08 ± 0.30 ± 0.26 keV [34] . The compilation [25] provides us with the value close to that of [35] . The value found in our fit agrees with data reported by [32, 33, 34] and contradicts the magnitude from [35] .
Our predictions of widths cc → γγ for the levels below 4 GeV are as follows: In [36] , the calculated widths depend on a chosen gauge for the gluon exchange interaction -we demonstrate the results obtained for both Feynman (F) and Coulomb (C) gauges.
In [37] , the cc system was studied in terms of scalar (S) and vector (V) confinement forcesboth variants are presented in tables 1,2,3. The results obtained in the nonrelativistic approach to the cc system [38] are also shown in tables 1,2,3.
In both relativistic [36, 37] and nonrelativistic [38] approaches, there is rather large discrepancy between the data and calculated values of ψ(nS) → e + e − (in [36] the width of the transition J/ψ → e + e − was fixed with the use of a subtraction parameter). In our opinion, the reason is that in all above-mentioned papers, soft interaction of quarks was not accounted for -we mean the processes shown in Fig. 3b ,c of Ref. [1] . In fact, the necessity of taking into consideration the low-energy quark interaction was understood decades ago but untill now this procedure has not become commonly accepted even for light quarks; see, for example, [39, 40] . 
Conclusion
We have performed a successful description of both cc levels and their radial excitation transitions for several interaction variants as follows: for scalar confinement potential, scalar and vector confinement potential in case of instantaneous and retardation forces. Such a diversity in the choice of forces reflects the lack of available experimental data to guarantee unambiguous determination of the interaction. First of all, one misses the data for the radiative cc decays. This is why we pay special attention to the predictions given by different versions of our calculations.
Rather good description of the cc levels being obtained, the wave functions related to different solutions may noticeably differ from each other, and sometimes they demonstrate rather unusual behaviour. Because of that, we pay a considerable attention to the presentation of wave functions of the cc systems. We think that the future progress in understanding the c-quark interactions in the soft region is related precisely to a better knowledge of wave functions, that should be based on further study of radiative transitions. for solution I(cc) according to the following formula:
2 ). The fitting parameter β is of the order of 0.5 − 1.5 GeV −2 and it may be different in different flavor sectors; we put β = 1.2 GeV −2 . In tables, we also show W LL ′ 's, which enter the normalization condition
see [1] for more detail. In Figs. 3-9 , we demonstrate these wave functions. Table 6 : Constants c i (S, L, J; n) from eq. (17) (in GeV) for the wave functions of η c0 , χ c0 , χ c1 and h c1 mesons in solution I(cc) 
